Spores of Bacillus species are said to be committed when they continue through nutrient germination even when germinants are removed or their binding to spores' nutrient germinant receptors (GRs) is both reversed and inhibited. Measurement of commitment and the subsequent release of dipicolinic acid (DPA) during nutrient germination of spores of Bacillus cereus and Bacillus subtilis showed that heat activation, increased nutrient germinant concentrations, and higher average levels of GRs/spore significantly decreased the times needed for commitment, as well as lag times between commitment and DPA release. These lag times were also decreased dramatically by the action of one of the spores' two redundant cortex lytic enzymes (CLEs), CwlJ, but not by the other CLE, SleB, and CwlJ action did not affect the timing of commitment. The timing of commitment and the lag time between commitment and DPA release were also dependent on the specific GR activated to cause spore germination. For spore populations, the lag times between commitment and DPA release were increased significantly in spores that germinated late compared to those that germinated early, and individual spores that germinated late may have had lower appropriate GR levels/spore than spores that germinated early. These findings together provide new insight into the commitment step in spore germination and suggest several factors that may contribute to the large heterogeneity among the timings of various events in the germination of individual spores in spore populations.
Spores of Bacillus species can remain dormant for long times and are extremely resistant to a variety of environmental stresses (26) . However, under appropriate conditions, normally upon the binding of specific nutrients to spores' nutrient germinant receptors (GRs), spores can come back to active growth through a process called germination followed by outgrowth (19, 20, 25, 26) . Germination of Bacillus subtilis spores can be triggered by L-alanine or L-valine or a combination of L-asparagine, D-glucose, D-fructose, and K ϩ (AGFK). These nutrient germinants trigger germination by binding to and interacting with GRs that have been localized to the spore's inner membrane (12, 20) . L-Alanine and L-valine bind to the GerA GR, while the AGFK mixture triggers germination by interacting with both the GerB and GerK GRs (25) . Normally, L-asparagine alone does not trigger B. subtilis spore germination. However, a mutant form of the GerB GR, termed GerB*, displays altered germinant specificity such that L-asparagine alone will trigger the germination of gerB* mutant spores (1, 18) .
A number of events occur in a defined sequence during spore germination. Initially, exposure of spores to nutrient germinants causes a reaction that commits spores to germinate, even if the germinant is removed or displaced from its cognate GR (7, 10, 21, 27, 28) . This commitment step is followed by release of monovalent cations, as well as the spore core's large pool of pyridine-2,6-dicarboxylic acid (dipicolinic acid [DPA] ) along with divalent cations, predominantly Ca 2ϩ , that are chelated with DPA (Ca-DPA). In Bacillus spores, the release of Ca-DPA triggers the hydrolysis of spores' peptidoglycan cortex by either of two cortex lytic enzymes (CLEs), CwlJ and SleB (11, 16, 23) . CwlJ is activated during germination by Ca-DPA as it is being released from individual spores, while SleB activation requires that most Ca-DPA be released (14, 16, 17) . Cortex hydrolysis, in turn, allows the spore core to expand and fully hydrate, which leads to activation of enzymes and initiation of metabolism in the spore core (21, 25) .
As noted above, commitment is the first event that can be assessed during spore germination, although the precise mechanism of commitment is not known. Since much has been learned about proteins important in spore germination in the many years since commitment was last studied (25, 26) , it seemed worth reexamining commitment, with the goal of determining those factors that influence this step in the germination process. Knowledge of factors important in determining kinetics of commitment could then lead to an understanding of what is involved in this reaction.
Kinetic analysis of spore germination, as well as commitment, has mostly been based on the decrease in optical density at 600 nm (OD 600 ) of spore suspensions, which monitors a combination of events that occur well after commitment, including DPA release, cortex hydrolysis, and core swelling (25) (26) (27) . In the current work, we have used a germination assay that measures DPA release, an early event in spore germination, and have automated this assay to allow routine measurement of commitment, as well as DPA release from large numbers of spore samples simultaneously. This assay has allowed comparison of the kinetics of DPA release and commitment during germination and study of the effects of heat activation, germinant concentration, GR levels, and CLEs on commitment.
MATERIALS AND METHODS
Bacterial strains and spore preparation and purification. The B. subtilis strains used are isogenic derivatives of laboratory strain 168 and are listed in Table 1 . B. subtilis strains were routinely grown in LB medium (17) with appropriate antibiotics. B. subtilis strains were sporulated at 37°C on 2ϫ Schaeffer's glucose medium plates without antibiotics, and spores were harvested and purified as described previously (15) . The Bacillus cereus strain used was strain T, originally obtained from H. O. Halvorson, and B. cereus spores were prepared at 30°C in a defined liquid medium and were purified as described previously (5, 9) . All spore preparations were stored at 4°C protected from light and were 98% free of growing or sporulating cells, germinated spores, and cell debris as determined by observation in a phase-contrast microscope.
Spore germination and assay of DPA release. Unless otherwise stated, B. subtilis spores at an OD 600 of ϳ10 were heat activated at 75°C for 30 min, B. cereus spores at an OD 600 of ϳ10 were heat activated at 70°C for 20 min, and the activated spores were cooled on ice before germination. Spores were germinated at 37°C (B. subtilis) or 30°C (B. cereus) at an OD 600 of 0.5 in 200 l of 25 mM HEPES buffer (pH 7.4) (B. subtilis) or 25 mM Tris-HCl buffer (pH 8.8) (B. cereus), with germinants added as noted in individual experiments. All germination incubations also contained 50 M terbium chloride. Spore germination was initiated by addition of the germinant L-alanine, L-valine, or the AGFK mixture (equal concentrations of all four constituents, including KCl) for B. subtilis spores and a combination of 40 mM NH 4 Cl and various L-alanine concentrations for B. cereus spores.
Spore germination was carried out in a 96-well plate (Fisher Scientific) in a Gemini EM microplate fluorescence reader (Molecular Devices, Sunnyvale, CA). DPA release was monitored by real-time measurement of fluorescence emission at 545 nm with excitation at 270 nm, appropriate wavelengths for the Tb 3ϩ -DPA complex (29, 30) . The background detected at zero time was used as a blank, and this blank was invariably Յ2% of the fluorescence seen when germination was complete. Control experiments also showed that under the assay conditions used, the number of relative fluorescence units (RFU) obtained in the assay was linear with DPA release. The maximum relative number of RFU reached upon the completion of germination experiments in 0.5 to 6 h was considered 100%, and the percentage of DPA release at time t was calculated as follows: (number of RFU at time t/maximum number of RFU reached in 0.5 to 6 h) ϫ 100. Levels of actual DPA release in incubations at 0.5 to 6 h were determined with reference to the number of RFU obtained when all of the DPA was extracted from spore samples by boiling (15) . The germination percentages of spore samples at the end of germination incubations were also routinely checked by phase-contrast microscopy, and these measurements invariably agreed with those determined from RFU counts (data not shown).
Measurement of germination commitment. Two methods were used to measure the commitment step in spore germination. For L-alanine/L-valine germination, 2 l of 1 M D-alanine was added to germination mixtures at various times after spores were mixed with germinant to give a final concentration of 10 mM D-alanine, and DPA release was measured as described above to quantify the degree of subsequent germination. Control incubations in which D-alanine was added at time zero together with L-alanine or L-valine exhibited no detectable DPA release over 2 to 4 h (see Results).
For AGFK or L-asparagine germination, 2 l of 17.4 N acetic acid was added to germination incubations to lower the pH of the mixtures to 3.6. This acidification inhibited further commitment, but DPA release from committed spores was not blocked, as reported previously (2, 27) (see Results). Control incubations in which acetic acid was added together with AGFK or L-asparagine exhibited no detectable DPA release over 2 to 4 h (see Results). In all cases, percent commitment was calculated as the sum of the percent DPA released both at the time of and subsequent to the addition of D-alanine or acetic acid. Values of the percent DPA release before and after D-alanine or acetic acid addition were measured and calculated as described above. All data reported are results from one experiment, although almost all experiments were repeated at least twice with the same spore preparation, while germination experiments with AGFK were repeated with two independent spore preparations. In all experiments, individual values of percent commitment or DPA release in replicates varied by less than 15%. In cases in which the commitment and DPA release of spores of isogenic B. subtilis strains were compared, the spores used were prepared and tested together.
RESULTS
Measurement of commitment of spores to germinate. It is well known that nutrient germination of individual spores in populations is very heterogeneous, with some spores beginning germination immediately after the addition of germinants and others exhibiting no signs of germination for hours (4, 8, 9, 22, 23) . Consequently, rates of events such as DPA release and almost certainly commitment determined with spore populations are generally a summation of the heterogeneous rates of these events for millions of individual spores.
L-Alanine or L-valine germination of B. subtilis spores via the GerA GR is very strongly inhibited by D-alanine, which blocks further commitment but does not inhibit subsequent germination events of committed spores (10, 27) . Therefore, the time for a fraction of the spores in a population to become committed to germinate via the GerA GR can be determined by adding an excess of D-alanine at various times during L-alanine/ L-valine germination and determining the ability of the spores to continue germination (27) . Spores that have become committed to germinate at any time of D-alanine addition are those that (i) have already released their DPA and (ii) subsequently release their DPA. This approach has also been successful with B. cereus spores germinating with L-alanine (2) . As expected, we found that continuous measurement of DPA release readily measured commitment during L-alanine/L-valine germination of B. cereus and B. subtilis spores using D-alanine to block further commitment (see Materials and Methods and below). However, while D-asparagine has been reported to block commitment in AGFK germination of B. subtilis spores (28), we did not observe this (data not shown). D-Alanine is also ineffective in blocking commitment during germination by a mixture of L-alanine and GFK via the GerB and GerK GRs (6) . However, commitment is reported to be significantly more sensitive to low pH than are subsequent germination events, as a pH of ϳ3.6 blocks further commitment of B. subtilis spores but allows committed spores to continue through later steps in germination, including DPA release (2, 27) . Therefore, we measured commitment during the germination of B. subtilis spores with AGFK or L-asparagine by adding acetic acid to acidify germination incubations to pH 3.6. Control experiments showed that this acidification blocked further commitment but allowed DPA release from spores that were already committed (see below).
Distinguishing commitment and DPA release. As expected, B. cereus and B. subtilis spores exposed to germinants for a (Fig. 1A , C, and E). These results indicate that the addition of either D-alanine or acetic acid allows a distinction between commitment and DPA release in spore germination, thus allowing commitment alone to be assessed in spore populations as described above (Fig. 1B , D, and F).
Comparison of the kinetics of commitment and DPA release showed that, as expected, commitment precedes DPA release (Fig. 1B, D, F) . For example, with wild-type B. subtilis spores germinating with 2 mM L-alanine (Fig. 1B) , the times for spores to reach 25, 50, and 75% commitment (defined as C 25 ,C 50 , and C 75 values) were 2.9, 5.9, and 10.9 min, while the times to reach 25, 50, and 75% DPA release (defined as G 25 , G 50 , and G 75 values) were 7.7, 11.5, and 17.3 min ( Table 2) . Subtraction of C t values from the comparable G t values gave 4 Cl and 6 mM L-alanine (E, F). D-Alanine (A and E) or acetic acid (C) was added to germination incubations at zero time and other times, as indicated by arrows 1, 2, and 3, denoting 2.5, 5, and 10 min (A, C) or 1, 1.5, and 2 min (E), and commitment and DPA release during incubations with or without D-alanine or acetic acid addition were determined as described in Materials and Methods. Shown in panels B, D, and F are normalized commitment (F) and germination (E) curves derived from data in panels A, C, and E, respectively, as described in Materials and Methods. The maximum number of RFU that each germination assay reached upon germination for 2 h in panels A and C and for 30 min in panel E was set at 100%, but the actual germination percentages of spore samples at the end of germination incubations were 95, 90, and 95% in panels A, C, and E, respectively. Note that in the experiments in panels A, C, and E, D-alanine was added at many more times than shown and only data from three D-alanine addition times are shown for clarity. However, data for all D-alanine addition times are shown in panels B, D, and F. lag times between commitment and DPA release (defined as ⌬ 25 , ⌬ 50 , and ⌬ 75 values) of 4.8, 5.6, and 6.4 min at 25, 50, and 75% completion of the various steps, respectively ( Table 2) .
As noted above, D-alanine blocks commitment but does not inhibit subsequent germination events of spores germinating in L-alanine or L-valine. Also as noted above, lowering the pH of germination incubations by acetic acid addition should be an alternative to the use of D-alanine to block commitment (2, 27) . To determine if acetic acid addition is effective in blocking commitment but not subsequent DPA release, we compared the commitment levels seen during L-alanine germination of wild-type B. subtilis spores using either D-alanine or acetic acid addition to block further commitment. If acetic acid addition inhibited not only commitment but also subsequent DPA release, the relative kinetics of commitment and DPA release in L-alanine germination would be different when acetic acid or D-alanine was used to block further commitment. However, this was not the case, since the kinetics of commitment and DPA release were the same whether D-alanine or acetic acid addition was used (data not shown).
Effects of heat activation on commitment. With confidence that we had methods to accurately measure commitment during spore germination with different nutrient germinants, we turned to analysis of the effects of various factors on commitment itself. The first factor we tested was heat activation, since heat activation accelerates the rate of spore germination, although the mechanism of this effect is not known (13) . For B. subtilis spores germinating with 2 mM L-alanine, heat-activated spores reached 25, 50, or 75% commitment significantly faster than unactivated spores ( Fig. 2A ; Table 2 ). As a result, the heat-activated spores completed 25, 50, or 75% DPA release faster than unactivated spores and the lag times between commitment and germination at various points were shorter with the heat-activated spores (Table 2) . Previous work has shown that once DPA release has been initiated during GR-mediated spore germination, release of Ն85% of the total spore DPA takes only 1 to 2 min in individual wild-type spores (4, 22, 23) . Consequently, values of 25, 50, and 75% DPA release in a spore population are essentially the times for 25, 50, and 75% of the spores in the population to release all of their DPA.
For B. cereus spores germinating with 40 mM NH 4 Cl and 6 mM L-alanine, heat activation also increased rates of commitment and DPA release and slightly shortened ⌬ 50 and ⌬ 75 values ( Fig. 2B; Table 2 ). Since heat activation accelerated the Fig. 2A and B.   FIG. 2. (A, B) Effect of heat activation on commitment and DPA release during spore germination. Commitment (F, ) and DPA release (E, ƒ) curves of spores of B. subtilis PS533 (wild-type) germinating in 2 mM L-alanine (A) and B. cereus germinating with 40 mM NH 4 Cl plus 1 mM L-alanine (B) with (F, E) or without (, ƒ) prior heat activation were determined after D-alanine addition to germination incubations at various times as described in Materials and Methods. The maximum number of RFU that each germination assay reached upon germination for 2 h in panel A and for 30 min in panel B was set at 100%, but the actual germination percentages of spore samples at the end of germination incubations were 95 and 68% in panels A and B, respectively. Discussion) . Effects of germinant concentrations on commitment. Another factor that affects rates of spore germination is the germinant concentration (1, 21, 25) . Binding of nutrient germinants to GRs triggers commitment and subsequent germination events, including DPA release, although the entire signal transduction pathway in this process is not known. However, it seems likely that a low nutrient germinant concentration will generate only a low level of GR-bound germinants and thus give decreased rates of both commitment and DPA release. To test this prediction, we examined spore commitment and DPA release in both B. subtilis and B. cereus spores germinating with different concentrations of several nutrient germinants. For wild-type B. subtilis spores germinating with L-valine, times for spores to reach various levels of commitment and DPA release increased as the L-valine concentration decreased ( Fig. 3A ; Table 3 ). In addition, the lag times between commitment and DPA release also increased as the germinant concentration decreased (Table 3) . Similar behavior was seen with wild-type B. subtilis and B. cereus spores germinating with various concentrations of AGFK ( Fig. 3B; Table 3 ) or L-alanine, respectively ( Fig. 3C; Table 3 ). These results suggest that germinant concentrations not only affect the commitment step in spore germination but continue to play a role in postcommitment events that affect the lag time between commitment and DPA release.
The rates of commitment and DPA release when wildtype B. subtilis spores germinated in AGFK were significantly slower than when these spores germinated in L-valine ( Fig. 3; Table 3 ). For example, the C 50 and G 50 values with saturating AGFK levels (10 mM each component of AGFK) were 34 and 56 min, respectively, while the C 50 and G 50 values with saturating L-valine (10 mM) were 9 and 14 min, respectively; the lag times between commitment and DPA release with AGFK were also longer than those with L-valine (Table  3 ). These differences suggest first that the AGFK germination pathway that uses the GerB and GerK GRs is not as effective in triggering germination as the GerA pathway stimulated by L-alanine or L-valine and further that the levels and identity of activated GRs are important factors in determining not only the rate of commitment but also that of at least one postcommitment event, DPA release, as noted above.
Effects of elevated GR levels on commitment. The above results are consistent with the idea that low germinant concentrations result in a lower level of activated GRs and thus trigger commitment and DPA release at a lower rate. If, as seems likely, the binding of nutrient germinants to GRs is what triggers the commitment step in spore germination, then a simple prediction is that raising the spores' levels of GRs should increase rates of both commitment and DPA release. To test this prediction, we compared commitment and DPA release during the germination of B. subtilis spores with wild-type levels of the GerA receptor and spores in which the gerA operon had been expressed under the control of the sspD promoter, a promoter that is stronger than the gerA promoter and generates levels of the GerA GR in spores that are likely Ն10-fold higher than those in wild-type spores (3). When germinating with comparable L-valine concentrations, the times to reach various levels of commitment and DPA release of spores with elevated GerA GR levels were consistently shorter than The maximum number of RFU that each germination assay reached upon germination for 6 h in panels A and B and for 30 min in panel C was set at 100%, but the actual germination percentages of spore samples at the end of germination incubations were 95, 82, and 54% in panel A, 85, 68, and 21% in panel B, and 95, 68, and 41% in panel C, going from the highest to the lowest germinant concentrations.
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on November 1, 2017 by guest http://jb.asm.org/ those of wild-type spores, as were the lag times between commitment and DPA release ( Fig. 4 ; Table 4 ). A similar and more dramatic phenomenon was observed when B. subtilis spores with elevated levels of the GerB* GR (3) were germinated with L-asparagine ( Fig. 5 ; Table 5 ). In this case, during germination with 1 mM L-asparagine, the times to reach 25, 50, and 75% commitment and DPA release decreased Ն50% with spores that had a 20-fold elevated GerB* GR level (strain PS3502) compared to spores in which the gerB operon was expressed from its normal promoter (strain FB10) and decreased even more for spores with 200-fold higher levels 
2.7
a C t , G t , and ⌬ t values were determined from data in Fig. 3A to C. Different preparations of wild-type B. subtilis spores (strain PS533) were used in the experiments in Fig. 3 and 4.   FIG. 4. (A, B) Effects of elevated levels of the GerA GR on commitment and DPA release during B. subtilis spore germination. Commitment (F, , f) and DPA release (E, ƒ, Ⅺ) of heat-activated spores of B. subtilis strains PS533 (wild type) (A) and PS3476 (PsspD::gerA) (B) germinating with various concentrations of L-valine were measured as described in Materials and Methods. Circles, triangles, and squares, respectively, denote L-valine concentrations of 10, 4, and 1 mM (A) or 10, 2, and 0.5 mM (B). The maximum number of RFU that each germination assay reached upon germination for 5 h in panel A and for 3 h in panel B was set at 100%, but the actual germination percentages of spore samples at the end of germination incubations were 95, 90, and 45% in panel A and 95, 86, and 74% in panel B, going from the highest to the lowest L-valine concentration. Note that the PS533 spore preparation used in the experiment shown is different from the one used in the experiment shown in Fig. 3 . However, differences in rates of commitment and DPA release for L-valine germination between B. subtilis spore preparations did not affect the conclusions made in this work about factors important in determining the timing of commitment and DPA release for spore populations.
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on November 1, 2017 by guest http://jb.asm.org/ of the GerB* GR (strain PS3415). The lag times between commitment and DPA release also decreased significantly in spores with 20-and 200-fold GerB* GR levels and spores with elevated GerB* GR levels were much more responsive to low L-asparagine levels, as reported previously (3) ( Table 5) . These results show further that, at similar germinant concentrations, Fig. 4A and B. Note that different preparations of wild-type spores were used in the experiments in Fig. 3 and 4 , and this is presumably the reason for the different C t , G t , and
FIG. 5. (A to C)
Effects of elevated levels of the GerB* GR on commitment and DPA release during B. subtilis spore germination. Commitment (F, , f) and DPA release (E, ƒ, Ⅺ) of heat-activated spores of B. subtilis strains FB10 (gerB*) (A), PS3502 (PsspD::gerB*) (B), and PS3415 (PsspB::gerB*) (C) germinating in various concentrations of L-asparagine were measured as described in Materials and Methods. Circles, triangles, and squares denote L-asparagine concentrations of 10, 1, and 0.25 mM (A), 10, 1, and 0.25 mM (B), and 1, 0.2, and 0.05 mM (C), respectively. The maximum number of RFU that each germination assay reached upon germination for 2 h in panels A and B and for 1 h in panel C was set at 100%, but the actual germination percentages of spore samples at the end of germination incubations were 95, 89, and 38% in panel A, 95, 88, and 48% in panel B, and 95, 95, and 46% in panel C, going from the highest to the lowest L-asparagine concentration.
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on November 1, 2017 by guest http://jb.asm.org/ spores commit faster when levels of GRs are elevated and that increased average numbers of GRs/spore shorten the lag time between commitment and DPA release. Effect of CLEs on commitment. The results described above indicate that DPA release during germination is accelerated as a result of faster commitment, with the latter due to either heat activation or increases in germinant concentration or average GR levels/spore. Previous reports have suggested that at least one CLE is also involved in modulating rates of DPA release during spore germination, presumably by degrading or modifying spores' peptidoglycan cortex (11, 16, 23) . Spores of Bacillus species have two redundant CLEs, CwlJ and SleB, but only CwlJ appears to have a significant effect on rates of DPA release during germination (22, 23, 25) . While rates of DPA release during germination of individual wild-type and sleB mutant spores are identical, these rates are much slower with individual cwlJ or cwlJ sleB mutant spores (22, 23) . If the action of CLEs during germination occurs after the commitment step, then the absence of one or both CLEs should not affect rates of commitment. To test this prediction, we germinated cwlJ, sleB, and cwlJ sleB mutant B. subtilis spores in different nutrient germinants and compared the rates of commitment and DPA release of these spores with those of wild-type spores. For spores germinating with L-alanine, DPA release with cwlJ and cwlJ sleB mutant spores was 3-to 4-fold slower than with wild-type spores, while sleB mutant spores released DPA at a rate similar to that of wild-type spores, consistent with previous work (22) (Fig. 6A; Table 6 ). Strikingly, despite differences in the rates of DPA release, the rates of commitment of all three mutant spores were essentially identical to those of wild-type spores, reaching 50% commitment within 7 to 10 min (Fig.  6A) . Consequently, the cwlJ and cwlJ sleB mutant spores had much longer lag times between commitment and DPA release during L-alanine germination than did wild-type and sleB mutant spores (Table 6) .
AGFK was also used as a germinant to compare the commitment and DPA release of wild-type spores with those of spores lacking one or both CLEs. Similar to what was observed with L-alanine germination, during AGFK germination, both wild-type and CLE-deficient spores committed at a C t , G t , and ⌬ t values were determined from data in Fig. 5A and B.
FIG. 6. (A, B)
Effects of CLEs on commitment and DPA release during B. subtilis spore germination. Commitment (F, , f, }) and DPA release (E, ƒ, Ⅺ, छ) of heat-activated spores of B. subtilis strains PS533 (wild type) (F,E), FB111 (cwlJ) (, ƒ), FB112 (sleB) (f, Ⅺ), and FB113 (cwlJ sleB) (}, छ) germinating in 2 mM L-alanine (A) or 10 mM AGFK (B) were measured as described in Materials and Methods. The maximum number of RFU that each germination assay reached upon germination for 3 h in panel A and for 6 h in panel B was set at 100%, and saturating concentrations of L-alanine or AGFK were used in order to achieve maximum germination. Note that different preparations of PS533 spores were used in the experiments shown here and in Fig. 3 and 4 . Table 6 ). During AGFK germination, DPA release with cwlJ and cwlJ sleB mutant spores was also slower than with wild-type and sleB mutant spores, but only slightly slower, perhaps because germination events are much slower during AGFK germination ( Fig. 6B ; Table 6 ). These results suggest that the absence of the CLE CwlJ does not alter the spore's ability to commit to germination but does slow postcommitment events, in particular, DPA release.
DISCUSSION
Three major conclusions from this work concern the factors that determine rates of commitment in the germination of spores of Bacillus species, (i) heat activation, (ii) nutrient germinant concentrations, and (iii) spores' levels of appropriate GRs, since commitment was enhanced by heat activation prior to germination, increased concentrations of nutrient germinants, and increased levels of GRs. Heat activation is known to potentiate spore germination (13) and has been reported to increase the rate of commitment of B. megaterium spores (27) . However, the mechanism of heat activation is not clear, although the effect is reversible and may involve effects on the conformation of one or more proteins (13, 31) . Since rates of commitment and DPA release were stimulated by heat activation and commitment precedes and is presumably necessary for DPA release, this suggests that a major effect of heat activation is to increase rates of commitment. However, the lag times between commitment and DPA release were also shortened by heat activation, similar to what was seen when average GR levels/spore were increased. These similar effects of heat activation and GR levels/spore are consistent with the idea that heat activation somehow increases GR availability or responsiveness, since such effects would, in effect, increase the number of functional GRs/spore. However, how heat activation might exert such effects is not known.
Nutrient germinant concentrations also affected rates of spore commitment markedly. Again, it seems likely that these effects are due to changes in levels of "activated" GRs, since changes in nutrient germinant concentrations will change the degree of saturation of GRs with their cognate nutrient germinant. It is, however, notable that lag times between commitment and DPA release were not constant at different nutrient germinant concentrations but increased significantly as times for commitment increased. This suggests that "activated" GR levels not only are important in determining commitment rates but also play a role in determining the timing of subsequent DPA release and perhaps even play some direct role in DPA release itself. The latter observation is also consistent with effects of average GR levels/spore on rates of commitment and DPA release, as increased average GR levels/spore resulted not only in more rapid commitment at all nutrient germinant concentrations but also shorter lag times between commitment and DPA release. Together, the three conclusions noted above strongly suggest that level of "activated" GRs/spore is the major factor determining rates of both commitment and DPA release during nutrient germination of spores of Bacillus species.
In contrast to the three factors noted above that play major roles in determining the timing of commitment during spore germination, CLEs appear to be relatively unimportant in commitment, even though action of the CLE CwlJ is clearly essential for rapid DPA release during spore germination. Consequently, even minimal levels of hydrolysis of the spores' peptidoglycan cortex are most likely not required for the commitment step. The results obtained with cwlJ mutant spores also indicate that commitment does not require the release of even minute levels of DPA from spores.
Another minor conclusion from the current work is that DPA release during spore germination takes place at similar rates at both pH 7.4 and pH 3.6, since committed spores released significant DPA following acidification at the same rate as spores maintained at pH 7.4. This was somewhat surprising in that CwlJ action is essential for fast DPA release, but perhaps CwlJ retains much activity at pH 3.6, has to cleave only a minimal number of bonds in peptidoglycan to allow rapid DPA release, or is present in large excess over what is needed to allow fast DPA release during germination.
Another minor but potentially important conclusion from the current work is that maximal rates of commitment and DPA release were different during germination triggered by nutrient germinants that target different GRs. This was seen most dramatically when comparing L-alanine and AGFK ger- Fig. 6A and B. Different preparations of wild-type spores were used in the experiments in Fig. 3 and 6 . b WT, wild type (strain PS533).
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on November 1, 2017 by guest http://jb.asm.org/ mination of B. subtilis spores, since the maximum rate of commitment was much lower in AGFK germination, and lag times between commitment and DPA release were also much longer for AGFK germination. This observation suggests that not only is the precise level of "activated" GR important in determining times for commitment and DPA release during spore germination but so is the nature of the GR or GRs involved in germination.
One other notable observation made in this work was that for both unactivated and heat-activated spores, as well as those with elevated GR levels, the lag times between 25% commitment and DPA release were almost always considerably shorter than between 75% commitment and DPA release. The reason for this effect is not clear. However, one possible explanation is that spores committing early in germination are those with the highest GR levels in the spore population, while spores that commit later in germination are those with lower GR levels. This idea is certainly consistent with the effects of average GR numbers/spore on rates of commitment and DPA release noted above. In addition, there is preliminary evidence that individual spores that germinate most rapidly in spore populations are those that have the highest levels of at least one GR (J. Zhang and J. Yu; personal communication). If this idea is indeed correct, it would also implicate variation in the numbers of GRs/spore as a major cause of the significant heterogeneity in the rates of germination of individual spores in spore populations, as has been suggested previously (4, 8, 9, 22) .
While the current work produced a number of new observations and conclusions, we cannot yet begin to assess the mechanistic reasons for some of the major conclusions. In particular, we do not know (i) how binding of nutrient germinants to GRs causes the triggering of subsequent germination events, (ii) the nature of the event or events that result in the commitment of spores to germinate, and (iii) how commitment leads to DPA release during spore germination. The latter questions are some of the most crucial ones, the answers to which are essential for a thorough understanding of bacterial spore germination.
